A micro electro-hydrodynamic (EHD) injection pump has been developed using laser micromachining technology. Two designs have been fabricated, tested, and evaluated. The first design has two silicon parts with KOH-etched wells which are stacked on the top of each other. The wells are etched into one side of the wafer, and gold is deposited on the other side to serve as the pump electrodes. A Nd:YAG laser is used to drill an array of circular holes in the well region of both silicon parts. This creates a grid distribution with a square pattern. Next the well regions of the silicon parts are aligned, and the parts are bonded together using a Staystik thermoplastic. Together, the bonded silicon parts form the pump. The pump unit is then mounted into a ceramic package with a large hole drilled in the bottom of the package to permit fluid flow. Aluminum ribbon wire bonds are used to connect the pump electrodes to the package leads. Isolation of the metallization and wires is achieved by filling the package cavity and coating the wires with polyimide. When a voltage is applied to the electrodes, ions are injected into the working fluid, such as an organic solvent, thus inducing flow. The second design has the silicon parts oriented 'back-to-back' and bonded together with Stayform. A 'back-to-back' design will decrease the grid distance so that a smaller voltage is required for pumping. Experimental results have demonstrated that this micro pump can achieved a pressure head of about 287 Pa with an applied voltage of 120 V.
Introduction

Background
Recent advances in the fabrication of silicon micro-structures have created a new technology for the miniaturization of many structural, thermal and fluid flow devices such as pressure and temperature sensors, micro motors, and micro actuators. The characteristic length of these devices is on the order of microns. They can achieve high reliability and are relatively inexpensive to manufacture because they can be produced in a large quantities. This technology, known as Micro-Electro-Mechanical Systems or MEMS, will revolutionize manufacturing, sensing, and diagnostics processes because it can reduce the size of a device by several orders of magnitude. If incorporated into an engineering system, the integrated MEMS unit can be built smaller, lighter, smarter, and cheaper than current systems. Thus MEMS technology has the potential of changing the way we live and work in the future.
The MEMS silicon micro-structure technology has been advancing rapidly over the past decade. However most MEMS research has been focused on the fabrication and testing of single components. Very limited work exists in the integration of MEMS devices into an engineering system. Building and testing such systems is a complex and difficult task.
System Integration
The original goal of this research program focused on developing and demonstrating a process for system integration of micro-devices. System integration has many processes and may require several iterations between different processes. These processes include: project goal and definition, design and development, fabrication, testing and evaluation, and delivery of a final product. Because MEMS development is research intensive, several iterations between design and testing process are typically or usually needed in order to produce a final product.
The approach to speeding up the system integration process is to incorporate computational modeling into the design loop and by including mechanical analysis in electrical design considerations at an early phase of the system development. This will minimize the number of design iterations, thus speeding up the product's design cycle time and reducing its costs. This intense and directed interdisciplinary teamwork is also part of the uniqueness of this program.
To demonstrate how the MEMS integration process would work, we are designing, building, and testing an active cooling system for microelectronics applications ( Fig. 1.1 ). The integrated unit will have the following components: a field array of temperature sensors to locate local hot spots, thermally driven micro-actuators, micro-pumps and micro-channels. This cooling system can be considered as a single loop micro-heat exchanger to remove heat from a hot spot region and reject heat at some other location where heating is less critical.
Rapid Prototyping
The manufacturing cost of MEMS can be low because many devices can be manufactured in one lot. Thus, the cost of MEMS devices is dominated by the development cost. In the MEMS research and development phase, current techniques to produce MEMS structures include silicon micromachining using wet and dry etching, excimer laser micromachining, and LIGA (Lithographie, Galvanoformung, Abformung, German words for lithography, electro-plating, and molding. LIGA is also known as deep-UV etching.) All these methods require high capital cost, special equipment, and facilities. Hence in order to reduce the development cost, MEMS researchers and engineers have been looking for ways to shorten the 'research-to-development-production' cycle and time.
Our initial effort is to develop and test single components and then follow-up with the system integration. Since this is an ambitious task, our desire is to rapidly prototype these single components and to evaluate our design concept quickly. This report addresses the design and fabrication of a micro electro-hydrodynamic (EHD) injection pump using laser micromachining and material bonding. This allows us to achieve a quick turn-around time and develop a cost effective prototyping process. 
Laser Micromachining
Advantages of Laser Micromachining
Laser micromachining bridges the gap between the resolution obtainable by conventional mechanical machining operations and chemical micromachining techniques. Using conventional machining processes, it is extremely difficult, if not impossible, to produce machined components with structures several mils (1 mil ≈ 25 microns) in size with tolerances of a quarter of a mil. Chemical micromachining techniques allow much smaller structures (in micron size) to be produced; these techniques have limitations in the materials that can be machined and in obtaining high-aspect-ratio geometries. In general, chemical micromachining techniques are a planar technology and rely on isotropic etchants to remove the excess material. Thus, material is removed uniformly from the substrate in all directions. However using a chemical micromachining process to develop and fabricate a conceptional micro-device takes time and is relatively expensive.
For bulk micromachining processing, laser micromachining has the distinct advantage of being able to produce high aspect ratio geometries with micron, or several micron, resolution. In addition, the laser process is applicable to a broad range of materials and the laser wavelength can be modified to insure optimum coupling of the laser radiation to the material being machined. The laser process also has a faster process time and is relatively cheaper for use in the development of a conceptional micro-device.
Laser Micromachining Technology at Sandia
Sandia has acquired Nd:YAG (Neodymium: Yttrium Aluminum Garnet) laser technology, a unique technology, that is well suited for rapid prototyping. Unlike excimer lasers that are expensive and have potential environmental, safety, and health concerns due to the toxic gases used, the Nd:YAG laser is more cost effective to acquire and to operate. Moreover the Nd:YAG laser will allow the operational wavelength to be converted to several frequencies from the near infrared portion of the spectra to the ultraviolet portion of the spectra.
The Nd:YAG laser system was originally designed to process silicon of varying thicknesses, hole diameters, and geometries. Initially all work was accomplished at the fundamental wavelength (λ) of 1064 nm. Creation of through holes in the silicon (Si) at the wavelength of 1064 nm is done largely by melting the silicon. Most of the fabrication done on the micro pump uses this wavelength (1064 nm) for a quick turn-around time. Through various experimental procedures and cross-sectional evaluation, it was determined that the absorption coefficient at this wavelength for Si was not optimal for laser machining. However, the laser system could be modified to produce the second harmonic, with a wavelength of 532 nm. Second harmonic generation (SHG) was produced using intracavity frequency doubling with a non-linear crystal.
The development of SHG was done specifically to laser process silicon for two primary reasons. First, the absorption coefficient in silicon at the wavelength of 532 nm is approximately 2 times greater than at the wavelength of 1064 nm. Secondly, the focused spot size at this wavelength is ≈ 12 µm. Using the equation for spot size, spot size ∝ (wavelength x focal length / beam diameter) we calculate the focused spot size for SHG to be half the diameter of the beam with a wavelength of 1064 nm. The combination of greater energy absorption in silicon at the wavelength of 532 nm combined with the significantly smaller focused spot size creates a mechanism of vaporization and ablation for removing silicon material. This is due to a significant increase in the absorbed power density. The calculated irradiance at the sample for the wavelength of 532 nm is equal to 5.8x10 9 watt/cm 2 based on a repetition rate of 4 kHz and a pulse width of 150 nsec. The wavelength of 532 nm also proved to be very efficient in laser machining silicon with minimal debris and side wall micro-cracking in the through hole.
The next major development in the laser system was to design a system capable of fourth harmonic generation (FHG) to produce an output beam in the ultraviolet at the wavelength of 266 nm. This would allow simultaneous drilling through Si and organics. The development of the fourth harmonic generation included a combination 4th harmonic crystal holder with focusing lenses, optical wavelength separator and ultraviolet upcollimator. The average output power at the wavelength of 266 nm was approximately 400-600 milliwatts, and irradiance per pulse ≈ 2.35x10 9 watt/cm 2 .
As a result of numerous process requirements, a laser system was developed with extensive machining capabilities, due mainly to the capability of utilizing wavelengths ranging from the near infrared, through the visible, to the ultraviolet spectrum.
Design of an EHD Injection Pump
Designing and fabricating a micro pump for microelectronic applications is a challenging task. The design requirement is to extract heat from the hot spot region in a multiple-chip module at about 30 watt/cm 2 . This requires a volumetric flow rate in a microchannel to be in the order of 3 milliliters per minute. Several existing micro and conventional pump designs have been investigated. These include membrane pumps 2-4 as well as pumps without moving parts [5] [6] [7] . Most pump design can achieve a pumping rate of several hundred microliters per minute and only a few design can reach a pumping rate of milliliters per minute.
Electro-hydrodynamic Principle
One fluid pump design that is very attractive in theory is an electro-hydrodynamic injection pump 7 , also known as an ion drag pump. The principle behind the ion drag pump 8 is as follows: consider two screen electrodes placed at a fixed distance apart inside a rectangular conduit with an insulating wall ( Fig. 3.1) . When an electrical potential is applied to the electrodes, charged particles are uniformly injected into a nonconductive fluid at the upstream electrode (x=0) and then collected at the downstream electrode (x=L). These charged particles are ions generated by a corona discharge. The motion of these charged particles, as they are traveling between the electrodes, will drag the fluid molecules along, thus creating a pumping motion. Next in this section, we will derive a simple model to illustrate the interaction between the electric field and the induced flow. Interested readers should refer to Melcher (1981) for more detailed information on electro-mechanics.
The current density, J x , associated with the ions discharge and fluid motion in the xdirection is as follows:
where ρ i , b, and v x are the charge density, mobility, and fluid velocity, respectively.
The first term corresponds to the current generated from the charged particles motion relative to the air. The second term corresponds to the current generated from the induced fluid motion. To simplify our analysis, we will neglect the diffusion and generation of charged particles in the fluid. If we assume that the electric field induced by charges in the fluid is relatively small compared to the electric field imposed by means of the electrodes, This implies that for a constant applied voltage (V), the E field will increase with a decreasing separation distance (L).
To simplify this analysis, we will only consider a fully developed flow in the xdirection and the flow field is invariant in the z-direction. Hence we can treat the problem as a one-dimensional problem. The general solutions are of the form:
This general solutions will satisfy the required governing equation which is the xcomponent of the Navier-Stokes equation.
The current density, J x , usually varies in the y-direction and can be determined at the inlet. However we can approximate the variation is relatively small and negligible, thus J x = J o and is uniform over the cross section. From Eq. (1), we can solve for the charged particle density, ρ i , and substitute into Eq. (4) to obtain a differential equation for the velocity profile:
The nonlinear expression in Eq. (5) can be reduced to a linear term by restricting attention to circumstances when
. Then Eq. (5) can be written as a linear ordinary differential with spatial varying coefficients:
Equation (6) can be re-arranged as:
where and
The boundary conditions are:
Hence the solution for the fluid velocity field is as follows:
Since the electric Hartman number, H e , is defined as: , we can express Eq. (10) as:
The pump characteristic is obtained by integrating Eq. (11) over the channel cross section (where d is the height and w is the width) and the volumetric flow rate, Q v , will be:
where The last term in Eq. (13) 
As the separation distance between electrodes decreases, for a constant applied voltage, the E o field will increase (Eq. 2) and so does the average fluid velocity (Eq. 14). This analysis illustrates why micro electro-hydrodynamic pump is very attractive for our integrated system.
First iteration: a stacked geometry
The first pump design uses two stacked silicon wells which are laser drilled to form a grid and metallized on one side for electrical contact (Figure 3 .2). The wells are formed with a KOH etch, and then drilled from the well side to create a grid structure. Hole sizes for the grid are about 0.003" to 0.004" (76 µm to 102 µm) in diameter and spaced about 0.008" to 0.01" (203 µm to 254 µm) apart (Figure 3. 3). Well dimensions are 0.180" x 0.150" (4.57 mm x 3.81 mm) and 0.009" (229 µm) deep. Some are 0.012" (305 µm) deep. The bottom part is 0.340" x 0.340" (8.64 mm x 8.64 mm) and the top part is 0.310" x 0.340" (7.87 mm x 8.64 mm) to allow room at the edge for wire bonding. Staystik 383, a nonconductive thermoplastic, is used to join the top and bottom parts along the well perimeters. Using the same Staystik adhesive, the assembled unit is mounted into a 40 pin DIP (Dual-Inline Package) that has a 0.150" (3.81 mm) diameter hole laser drilled through the bottom of the package cavity (Figure 3.4) . Aluminum ribbon wire (0.020" x 0.001" or 508 µm x 25 µm) is tacked on to the pump electrodes and connected to package leads (Figure 3 .5). Polyimide (MicroSi 115) and Staystik 383 is used to fill the package cavity and to coat the wire bonds. This isolates the wires and metal layers to prevent shorting through the fluid at higher voltages. This was observed as the failure mechanism of Since lower voltages can be used to obtain pumping if the grid distance ( Figure 3. 2) is reduced, several pumps were constructed with a thinner top part (with thicknesses of 0.006" and 0.004", i.e. 153 µm and 102 µm). This reduces the grid distance from 0.013" (330 µm) to 0.007" (178 µm) and 0.005" (127 µm), respectively. Grid distance is equal to the top part thickness plus approximately 0.001" (25 µm) for the adhesive layer. The process flow for the stacked pump is given in Table 3.1.
Next these stacked micro-pumps were tested and evaluated for their performance. The working fluid being used for the tests is propanol, an organic solvent or alcohol. Preliminary test results show that these micro-pumps can pump fluid and produce a pressure head. The design with 0.004" (102 µm) holes and a 0.006" (152 µm) grid distance demonstrates that pumping starts at about 60 Volt, which is consistent with other electrohydrodynamic micro-pump designs. More discussion of the testing and evaluation will appear in section 4. All these results have been fed back to the development process for any design improvement. • dimensions of top part: 0.310" x 0.340" (7.874 mm x 8.636 mm)
[take a 'bottom' part and cut one edge in 0.030" (176.2 µm)] • both parts have gold deposited on front side (well side = back side)
• thickness = 0.012" (304.8 µm)
• well depth = 0.009" (228.6 µm)
• well size ≈ 0.180" x 0.150" (4.572 mm x 3.81 mm)
drill grid into top and bottom parts
• wavelength = 1064 nm with O 2 , from back (well) side
• hole size = 0.003" or 0.004" (76.2 µm or 101.6 µm)
• spacing ≈ 0.008" or 0.01" (203 µm or 254 µm)
• ultrasonic clean to remove debris • apply Staystik to the edge of the top part (along well perimeter)
• aligning parts properly should also align pump grids (three sides should match up)
• cure: 160°C, 10 min.
part attach
• apply Staystik to the bottom of pump unit (back edge of bottom part)
• align grids over hole in package
6. wire bond: Al ribbon wire • thickness = 1 mil (25.4 µm), width = 20 mil (508 µm)
• bond bottom part to pin 1, top part to pin 21
isolation of metallization and wires
• fill package cavity and coat wire bonds with Staystik 383 or polyimide (MicroSi SP115)
• allow to air cure & reapply insulative material to fill any gaps which formed during air cure
• cure: 160°C, 10 min. (Staystik); 175°C, 1 hr (polyimide)
Second Iteration: A Back-to-Back Geometry
The objective of the back-to-back design was to minimize the grid distance and the corresponding operational voltage. In this design, the same drilled and metallized silicon well pieces were used as in the first iteration except that both the top and bottom parts were 0.310" x 0.340" (7.87 mm x 8.64 mm) dimensions. The metallized portions were mounted toward each other, separated by a layer of nonconductive Stayform adhesive (Stayform 421). The Stayform was cut to dimensions of 0.290" x 0.340" or 7.37 mm x 8.64 mm (with a window in the grid region to allow fluid flow) and attached to the parts as shown in Fig.  3 .6. Initially, a layer of Stayform was placed between the parts prior to drilling, but laser drilling through both the silicon and adhesive caused cracking of the part around the exit holes (Figure 3.7) . However, drilling the silicon alone produced clean holes with no observable cracking (Figure 3.8) . The only drawback was that it required some effort to align the holes.
After the pump was assembled, one end of the Aluminum wire was attached to the top part, and the unit is then turned over and attached to the package with Staystik. The other end of the wire is then attached to package, and the second wire is bonded as usual. A complete process flow is given in Table 3 .2. Testing and evaluation was also performed on this pump design. Preliminary results will be presented in the next section. [the 'top' part of the first iteration pump] • both parts have gold deposited on front side (well side = back side)
drill grid into top and bottom parts
• spacing ≈ 0.004" (101.6 µm)
• ultrasonic clean to remove debris 2. drill 0.150" diameter hole in center of package cavity (40 pin DIP)
• package cavity = 0.370" x 0.370" (9.398 mm x 9.398 mm)
assemble pump
• join top and bottom parts using Stayform 421 (insulative film adhesive)
• cut Stayform piece to 0.340" x 0.290" (8.636 mm x 7.366 mm) with a window for the grid region • apply Staystik to the bottom of pump unit (back edge of bottom part)
wire bond: Al ribbon wire
• thickness = 1 mil (25.4 µm), width = 20 mil (508 µm)
isolation of metallization and wires
Test Results of the EHD Injection Pumps
Setup of the EHD Experiment
Since this is an exploratory research project for systems integration of MEMS devices, we have a continuous interest to test and evaluate the performance of different micropumps. All test results will be fed back into the next design iteration until a final product is completed. This section presents the preliminary test results of a micro-pump with the 'back-to-back' design. This micro-pump has a 0.004" (102 µm) grid size, 0.004" (102 µm) grid spacing and a 0.004" (102 µm) grid distance. The tests completed so far are the measurement of the pressure head built up in the pipette as a function of the applied electrical potential. 
Test Results
In this static pressure test, an electrical voltage is applied across the electrodes to induce flow. Since one of our major interest is to measure the static pressure head that the micro-pump generates with different voltages, we bonded a pipette to the outlet of the micro-pump unit and observed the rise of the liquid level with different applied voltages. 
Discussions on Recent Development
At present, we are developing and testing the 3rd iteration of the micro EHD pump. In this design, a thinned Si spacer was used to maintain consistent grid distance between plates. Different spacer thicknesses are being investigated to minimize the voltage required for pumping action. Polyimide was the adhesive used to glue every thing together. The stayform adhesive in the 2nd iteration design gave inconsistent results. This was due to the stayform not providing an even coating for the separation. 
Conclusions and Recommendations
As part of a system integration project of micro-devices, we have developed and demonstrated an electro-hydrodynamic injection micro pump using a laser micromachining technology. Our goal is to rapidly prototype and test single components so that we can speed up the development-to-production cycle. Eventually our deliverable will be an active built-in cooling system for microelectronics applications. Two designs have been investigated. The first design has the silicon parts stacked on top of each other and the second design has the silicon parts bonded back-to-back. A Nd:YAG laser is used to drill an array of circular holes in the well region of both silicon parts. This creates a grid distribution with a square pattern. The purpose of the second design is to reduce the grid distance so that a smaller voltage is required to induce flow. Preliminary results show that the second design qualitatively generates a higher pressure head. More tests are underway to further evaluate the two designs and also the influence of different grid size, grid spacing, grid distance, and hole size. For the micro-pump bonded 'back-to-back' with 0.004" (102 µm) spacing, an induced pumping pressure of 287 Pa was achieved with 120 V. 
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Appendix B -LDRD FY95 PROPOSAL
Abstract (Nature of Work):
The silicon microstructure technology, also known as MicroElectroMechanical System (MEMS), has evolved rapidly over the past decade. However most MEMS research has been focused on fabrication and single component testing. Very limited work has been performed to integrate these MEMS devices into engineering systems and to investigate their performance. Such a system integration effort is a challenging task and is required to make the MEMS devices more widely acceptable.
This research project will focus on developing a system integration process for MEMS devices. This integration process would involve the following phases: project goal and definition, design and development, fabrication, test and evaluation, and final product development. Because of the exploratory nature of this work, a few iterations are probably needed in order to achieve a satisfactory final product. We believe that the integration process will be expedited if computational modeling is incorporated into the design loop. To demonstrate how this integration would work, we will design and build an active cooling system for microelectronics application. It will have the following components: a field array of temperature sensors to locate local hot spots, thermally driven micro-actuators, micro-pumps and micro-channels. This cooling system can be considered as a 2-loop heat exchanger. The operational sequence would be as follows: if the temperature increases beyond an acceptable limit, the temperature sensor will relay a signal to turn on a cooling pump and actuator. This will initiate the coolant flow to remove heat away from the multichip module or printed circuit board.
This research project involves multiple disciplines including electrical engineering as well as traditional engineering science disciplines. Moreover the flow physics in this microscale level may involve noncontinuum mechanics that requires particle dynamic simulations.Thus the proposed work will cover not only all aspects of experimental processes (design, fabrication, and testing) but also the full range of computational modeling including continuum, transitional, and free-molecular flow regimes. This multi-discipline research can only be carried out at Sandia due to our unique combination of engineering capability.
Previous Year's Accomplishments (2nd & 3rd Year Renewals Only):
N/A -This is a new proposal.
Work Proposed for Next Year:
During the first year, our primary effort will be to design and develop each of the discrete elements in the cooling system. Then we will test and analyze the performance of each of these micro-devices. In a parallel effort, we will define the flow characteristics and the requirements for the micro-channels and pumps. When the results of the tests and computational simulations are available, we will update the component specifications and improve the design of the integrated system, if necessary. At the end of the first year, we will finalize the design and layout of the active cooling system and prepare for fabrication.
Introduction
Recent advances in the fabrication of silicon microstructures have created a new technology for the miniaturization of many structural, thermal and fluid flow devices such as pressure and temperature sensors, micromotors, and micro-actuators. The characteristic length of these devices is on the order of a micron. They are very reliable and inexpensive to manufacture. This technology, known as MicroElectroMechanical Systems or MEMS, will revolutionize manufacturing, sensing, and diagnostics processes because it can reduce the size of a device by several orders of magnitude. If incorporated into an engineering system, the integrated MEMS unit can be built smaller, lighter, and smarter. This new MEMS technology will soon affect our daily lives just as microelectronics technology does today. Its impact on U.S. economy will be enormous.
The MEMS silicon microstructure technology has developed rapidly over the past decade. However most MEMS research has been focused on fabrication and testing of single components. Very limited work exists to integrate these MEMS devices into an engineering system and investigate their performance. This is a difficult task.
This proposed research project will focus on developing and demonstrating a process for system integration of the micro-devices. System integration has many processes and may require several iterations between different processes. The processes are: project goal and definition, design and development, fabrication, testing and evaluation, and final product. Because this is an exploratory research project, several iterations between design and testing process are probably needed in order to achieve a final product. Our goal is to speed up the process by incorporating computational modeling into the design loop and by including mechanical analysis in electrical design considerations at an early phase of the system development. This will minimize the number of design iterations. This type of strong interactions and teaming between multiple disciplines is part of the uniqueness of this project.
To demonstrate how this system integration works, we propose to design and build an active liquid cooling system with temperature sensors for microelectronics application. This integrated cooling system, when developed, will help solve thermal management problems that currently exist in microelectronics packaging. Such a system would consists of the following components: a field array of temperature sensors to locate hot spots, thermally driven micro-actuators, micro-pump and micro-channels to direct the flow which would also serve as a heat exchanger for heat removal.
This research project involves multiple disciplines including electrical as well as mechanical engineering disciplines. Moreover, it is probable that the flow physics at this micro-scale level will involve non-continuum mechanics that requires particle dynamic simulations. Thus the proposed work will cover not only all aspects of experimental processes (design, fabrication, and testing) but also the full range of computational modeling including continuum, transitional, and free-molecular flow regimes. This multi-disciplinary research can only be carried out at Sandia.
Scientific and Technical Soundness
Most of the existing work in MEMS development is in the area of fabrication and testing of single components. Much effort is needed in the area of system integration. System integration of microelectromechanical devices is not an easy task and involves different processes (Figure B.1) .This project will cover work throughout the research and development cycle, starting with a design goal and ending with a deliverable product. Usually, several iterations between design and testing process are needed in order to achieve a final product. Our goal is to speed up the process and minimize the number of iterations by incorporating computational modeling into the design loop and including mechanical analysis in electrical design considerations at an early phase of the system development. To demonstrate how the integration process is done, we propose to develop and fabricate an active liquid cooling system for microelectronics application. Thus, this cooling system becomes a test vehicle for system integration of micro-devices. By building and testing this integrated unit, we prove the compatibility, capabilities, and performance of these microelectromechanical devices.
The proposed active cooling system is a closed-loop, electrical powered unit and has the following discrete elements: temperature sensors, flow channels, thermally driven actuators, and pumps ( Figure B.2) .
B-3
Each individual component either has been previously developed or is currently being checked out within micro-fabrication capabilities at Sandia. Specifically, the temperature sensing elements can be made of silicon diodes which have already been well characterized for temperature measurements. Micro-channels and thermally driven micro-actuators have been fabricated and checked out for other applications (Ref. 1). The micro-pump being considered for use in this system is based on an ElectroHydroDynamic (EHD) pumping technique. This technique has been proven elsewhere (Ref. 2) and can be readily incorporated into the proposed system, with present micromachining capabilities. The required fabrication technology already exists in-house at Sandia's Microelectronics Development Laboratory (MDL). The present effort is then to incorporate these components into a closed-loop integrated modular system. When integrating these micro-devices together as a unit, some modifications are needed to satisfy the design specifications. (For example, when setting a design goal of heat removal rate at 100 W/m 2 , a typical peak thermal loading for the next generation microelectronic module to be used in weapons and supercomputers, we might need to slightly modify the design to meet this requirement.) A few design considerations are: What is the needed geometry of the flow channels and its flow rate? Does the pump require multiple stages? Can the temperature sensor and other components interface well with each other and provide adequate responses? These are the engineering questions that we have already asked but can only be answered by actually building an integrated unit.
Since the micro-pump is based on the ElectroHydroDynamic principle, simulating the flow inside the pump requires modeling the electrostatic forces with an advanced numerical flow solver. Theoretically, the pump works in the following matter. Convection occurs when a traveling electromagnetic wave is applied across a fluid media in which an electrical conductivity or permittivity gradient exists. This inhomogeneous state of the electrical property of the fluid can be generated by local heating. Thus, in order to model the flow in the pump, we need to resolve the velocity and temperature fields in detail. This type of modeling is stateof-the-art research in fluid dynamics. When working with this system integration process, we will address two technical issues. The first one corresponds to how different the fluid flow and heat transfer in the micro-scale environment (on the order of 1 to 10 µm) will be from macro-scale problems. At this length scale, the dominant flow physics may be different. The length scale may be so small that non-continuum mechanics and particle dynamic simulation will have to be considered (which can be modeled with Direct Simulation Monte Carlo technology). At present, the preliminary design work will be based on the technical knowledge of the macro-scale level (on the order of 0.01 to 1 m). When a prototype of the integrated system is built, it will be tested and evaluated. The test results will be fed back into the development loop for a design modification. The second technical issue is associated with the difficulty of fabricating all components into a single modular unit and ensuring system reliability at the same time. This is not an easy task but is also needed. System integration is a crucial step, bringing the MEMS technology into the next higher level -for use in general engineering practice. This crucial step in MEMS technology is what we intend to contribute in this LDRD project.
Before proceeding to develop and fabricate the integrated unit, we will first design, fabricate, and test each component separately. This shake-down process will help us to identify and fix any potential problem areas early and more effectively. We expect this process will be completed before the end of the first year. Then we will design and fabricate a prototype of the integrated unit. Next testing and evaluation will be performed on this unit. The test results will be fed back into the development process for design improvement.
At the end of the project, we will have established a system integration process for the micro-electromechanical industry. We will also have a deliverable product -an active cooling system with built-in temperature sensors for microelectronic application. This active cooling system is desperately needed in the electronics industry.
Creativity and Innovation
System integration is new in microelectromechanical systems (MEMS) technology development. The creativity of this project lies in the effort to combine discrete MEMS devices into a closed-loop engineering system. This integrated unit is highly compact due to its micromachining nature. It is reliable and capable of running unattended with the built-in sensing devices and the associated control mechanisms. These MEMS devices are relatively cheap to manufacture because of the maturity of the micro-fabrication methods. The innovation of the project is: (1) the use of computational simulation to expedite the 'design-to-production' processes, and (2) the system approach to create a micro-machined, active cooling module for microelectronics application. Thermal management in the multichip module is an important design issue that many electronic engineers face today. Incorporating an active cooling device would be a large step forward to enable improved system architecture and performance.
Though the focus of this proposed project is to develop and demonstrate a system integration process, by building an active cooling module, the present approach also produces a valuable product for microelectronics application. Since most of the proposed discrete elements have been fabricated and tested at Sandia, our approach is reasonable. With a clearly defined goal in mind, strong interaction, and good team work at the early design phase, we are very confident with the success of the project.
There are a few risks in this endeavor. First the fabrication for the integrated system that consists of multiple components, has not been done before at Sandia. It will require some careful thinking and engineering analysis. Second, the performance of the integrated system may be different than what is anticipated. The present fluid flow design is based on the knowledge of the macroscale level (in the order of meter). Fluid and thermal flow in a microscale level (in the order of micron) may be different and may require more detailed investigations using non-continuum techniques. We are prepared to analyze continuum as well as non-continuum fluid dynamics if necessary. 
Project Plan
